The next-to-minimal supersymmetric standard model (NMSSM) naturally provides a 125 GeV Higgs boson without the need for large loop corrections from multi-TeV stop quarks. Furthermore, the NMSSM provides an electroweak scale dark matter candidate consistent with all experimental data, like relic density and non-observation of direct dark matter signals with the present experimental sensitivity. However, more free parameters are introduced in the NMSSM, which are strongly correlated. A simple parameter scan without knowing the correlation matrix is not efficient and can miss significant regions of the parameter space. We introduce a new technique to sample the NMSSM parameter space, which takes into account the correlations. For this we project the 7D NMSSM parameter space onto the 3D Higgs boson mass parameter space. The reduced dimensionality allows for a non-random sampling and therefore a complete coverage of the allowed NMSSM parameters. In addition, the parameter correlations and possible deviations of the signal strengths of the observed 125 Higgs boson from the SM values are easily predicted.
I. INTRODUCTION
The next-to-minimal supersymmetric standard model (NMSSM) distinguishes itself from the minimal supersymmetric standard model (MSSM) by a Higgs singlet in addition to the two Higgs doublets of the MSSM. This has three advantages:
i) The singlet solves the µ problem bagging the question why the dimension-full Higgs mixing parameter µ in the Lagrangian, which could take any value up to the GUT scale, is required by radiative electroweak symmetry breaking to be at the electroweak scale. In the NMSSM the µ parameter is related to the vev of the singlet, so it is naturally of the order of the electroweak scale, see e.g. Refs. [1, 2] ;
ii) The Higgs boson mass at tree level has contributions from the mixing with the singlet, so it is not restricted to be below the Z-mass at tree level, as is the case in the MSSM. Therefore, the NMSSM does not need the large loop corrections from stop quarks to bridge the gap between the Z-mass and the observed Higgs boson with a mass of 125 GeV. [3, 4] Bridging this gap requires multi-TeV stop masses in the MSSM, see e.g. [5] [6] [7] [8] and references therein. However, in the NMSSM stop quark masses can be of the order of the TeV scale, see e.g. Ref. [9] , so the quadratic divergencies to the Higgs mass are effectively canceled by a not-too-large mass difference between top-and stop quark masses, thus avoiding the fine-tuning problem [10] [11] [12] ;
iii) The dark matter candidate in the NMSSM is usually singlino-like with a mass at the electroweak scale, which fulfills all experimental constraints, especially it has direct scattering cross sections with nuclei not yet excluded by experiments, see e.g. Ref. [13] and references therein.
The introduction of an additional Higgs singlet in the NMSSM yields more parameters for the interactions between the singlet and the Higgs doublets and the singlet self interaction. One usually performs random scans of the parameters to investigate experimental signatures in the parameter region allowed by the experimental constraints of the observed 125 GeV Higgs boson and its SM-like couplings and/or constraints from the dark matter sector. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] In random scans of highly correlated parameters it is difficult to reach all parameter combinations ("complete coverage"), since the correlations require simultaneously specific values of several parameters. Such combinations can be found efficiently in random scans only, if a correlation matrix is used to tell in which direction one has to step for parameter n1, if parameters n2 to nx take specific values. Incomplete coverage can lead to wrong predictions, e.g. of the allowed cross sections for spin-dependent and spin-independent direct dark matter searches [13] . To cope with the large NMSSM parameter space of the Higgs sector, and especially the large correlations between these parameters, we describe in this paper in detail a novel sampling technique to obtain the allowed range of the NMSSM parameters for the constraints from the observed Higgs boson mass and its couplings. This method was previously used for the analysis of the heavy Higgs boson [33] , a light singlet-like Higgs boson [34] and dark matter constraints [13] , but never described in detail.
After a short summary of the Higgs sector in the NMSSM in Sect. II, we present the novel sampling technique to sample the NMSSM parameter space efficiently in Sect. III. In Sect. IV some applications of the novel sampling technique are presented, like determining the optimal values of the couplings and possible deviations of the signal strenths of the observed 125 GeV Higgs boson from the expected SM-like signal strengths. SM-like signals are only expected for cross sections without loops, since in the loops of gluon fusion and the Higgs boson decays into photons, SUSY contributions from e.g. stop loops may contribute. So only the signal strengths from diagrams without loops are required to be SM-like, while the possible deviations from diagrams including loops are studied as function of the stop mass. We restrict the analysis to the well-motivated subspace of the SUSY parameters using the unification of masses and couplings at the GUT scale and allowing for radiative electroweak symmetry breaking. Present limits on the SUSY masses indicate they are rather heavy and for heavy SUSY masses the Higgs and the SUSY sector largely decouple, except for the stop sector, which influences the 125 GeV Higgs mass and the signal strengths for loopinduced processes. The restriction of the SUSY particle masses by GUT scale parameters does not really restrict the validity of the analysis, since it does not matter if one parametrizes the stop mass with the common mass parameters at the GUT scale or chooses the stop mass directly. However, the GUT scale definition of the parameters has the advantage that the fixed point solutions of the trilinear couplings are taken into account, thus avoiding values not allowed by solutions of the renormalization group equations (RGE), as will be discussed later.
II. THE HIGGS SECTOR IN THE SEMI-CONSTRAINED NMSSM
Within the NMSSM the Higgs fields consist of the usual two Higgs doublets (H u , H d ) with an additional complex Higgs singlet S. The latter singlet distinguishes the NMSSM from the MSSM. The neutral components of the two Higgs doublets and singlet mix to form three physical CP-even scalar bosons and two physical CP-odd pseudo-scalar bosons.
The mass eigenstates of the neutral Higgs bosons are determined by the diagonalization of the mass matrix, see e.g. [1] , so the scalar Higgs bosons H i are mixtures of the CP-even weak eigenstates H d , H u and the singlet S:
where the index i increases with increasing mass of the Higgs boson H i and S ij with i, j = 1, 2, 3 are the elements of the 3x3 Higgs mixing matrix. As mentioned before, the analysis is restricted to the well-motivated subspace of the SUSY parameters using the unification of masses and couplings at the GUT scale. In contrast to the constrained MSSM the Higgs mixing parameter µ is not fixed by radiative electroweak symmetry breaking, but is related to the vev of the Higgs singlet and is considered to be a free parameter µ ef f . In total, this semi-constrained NMSSM has nine free parameters:
The latter six parameters in Eq. 2 enter the Higgs mixing matrix, thus forming the 6D parameter space of the NMSSM Higgs sector. Here tan β corresponds to the ratio of the vacuum expectation values (vev's) of the Higgs doublets, i.e. tan β = v u /v d . The coupling λ represents the coupling between the Higgs singlet and doublets, while κ corresponds to the self-coupling of the singlet. A λ and A κ are the corresponding trilinear soft breaking terms. µ ef f is related to the vev of the singlet s via the coupling λ, i.e. µ ef f = λ · s. Therefore, µ ef f is naturally of the order of the electroweak scale, thus avoiding the µ-problem, see e.g. Ref. [2] .
In addition, we have the GUT scale parameters of the constrained minimal supersymmetric standard model (CMSSM) m 0 , m 1/2 and A 0 , where m 0 and m 1/2 are the common mass scales of the spin 0 and 1/2 SUSY particles at the GUT scale. A 0 is the trilinear coupling of the CMSSM at the GUT scale. The trilinear coupling A 0 is highly correlated with A λ and A κ in the semi-constrained NMSSM, so fixing this parameter would restrict the range of A λ and A κ severely. Therefore, A 0 is allowed to vary, which leads to 7 free parameters in total and thus a 7D NMSSM parameter space. From the free parameters in Eq. 2 the complete SUSY spectrum and all Higgs boson masses can be calculated using the publicly available code NMSSMTools. [35] The values of m 0 and m 1/2 can be fixed to values, which are consistent with the current LHC limits [36] . In the following we use m 0 = m 1/2 =1 TeV. The impact of higher common SUSY masses will be discussed in Sect. IV.
One of the lightest NMSSM Higgs bosons should be SM-like. The cross section errors have a significant theoretical error from the dependence on the renormalization -and factorization scales, see e.g. Ref. [37] and references therein, which can be reduced by using cross section ratios of the NMSSM and SM cross sections, the so-called reduced cross sections. If multiplied by the branching ratios one obtains the signal strength µ i j defined as:
where the reduced coupling c i squared equals the reduced cross section for production mode i, which is multiplied by the corresponding ratio of branching ratios for the decay j. The reduced couplings c i depend only on the Higgs mixing matrix elements and tan β for processes without loops. The reduced couplings including loops can have additional contributions from SUSY particles in the loops, preferentially from particles with large couplings to the Higgs boson, like the stop particles. These modify the reduced couplings of Higgs bosons to gluons c gluon and gammas c γ , which are parametrized as effective couplings within NMSSMTools. The diagrams for the used reduced couplings have been summarized in Fig. 1 , which shows from left to right: the effective reduced gluon coupling c gluon for gluon fusion (ggf), c W/Z for vector boson fusion (VBF) and Higgs Strahlung (VH) and c u for top fusion (tth). We consider in our analysis two different fermionic final states (b-quarks and τ -leptons) and two different bosonic final states (W/Z and γ) for two different production modes (gluon fusion (ggf) and vector boson fusion (VBF)) leading to a total of 8 reduced cross sections (all calculated in NMSSMTools), which can be divided into signal strengths without (with) effective couplings µ no−loop (µ loop ):
The signal strengths µ loop include loop diagrams at lowest order, see e.g. the left diagram in Fig. 1 , so SUSY particles in the loop can lead to deviations from the SM prediction. Therefore, it is reasonable to constrain only the signal strengths without loop contributions µ no−loop to its SM-like expectation, i.e. µ no−loop =1, while µ loop is allowed to deviate from 1. So we impose the following four constraints: µ
and µ tth bb = 1. The signal strengths µ loop can be calculated from the fitted NMSSM parameters using the constraint µ no−loop =1. The fit will be discussed in the next section.
III. SAMPLING TECHNIQUE
The NMSSM parameters in Eq. 2 completely determine the masses of the 6 Higgs bosons: 3 scalar Higgs masses m Hi , 2 pseudo-scalar Higgs masses m Ai and the charged Higgs boson mass m H ± . The masses of A 2 , H 3 and H ± are approximately equal in the decoupling limit, i.e. the mass region with heavy Higgs masses much larger than the Z-boson mass. [38, 39] Then only one of the heavy Higgs masses is independent which leads in total to a 4D Higgs mass FIG. 2 . Sketch of the sampling technique to determine the allowed NMSSM parameter space: Perform a Minuit fit on each cell of the 3D Higgs mass space (left box) to determine the corresponding 7 free NMSSM parameters (right box). The relation between the NMSSM parameters and the Higgs masses is encoded in NMSSMTools. The second-lightest Higgs boson is chosen to be the 125 GeV Higgs, but we repeat the fit in case mH1=125 GeV. Then the mH1 becomes an mH2 axis in the grid on the left.
space. Furthermore, one of the masses has to be 125 GeV, so only 3 Higgs masses are free in the decoupling limit, which can be chosen to be: m A1 , m H1 and m H3 . The Higgs masses can be calculated from the NMSSM parameters in Eq. 2, but vice versa each combination of the 3 masses m A1 , m H1 and m H3 uniquely determines the 7 NMSSM parameters assuming the decoupling limit. The parameters can be obtained for each combination of Higgs masses in the 3D space of Higgs masses from a fit to the masses with the NMSSM parameters as free parameters. Such a fit one would perform, if all Higgs boson masses would have been measured and we show later that the fit leads to unique solutions. In the fit we assume either m H1 or m H2 to be 125 GeV, leading to two independent fits for each Higgs mass combination. The procedure is illustrated in Fig. 2 . The fit can be performed for each cell of the 3D Higgs mass space on the left, thus providing for each Higgs mass combination the 7 NMSSM parameters on the right panel of Fig. 2 . For each set of these parameters the Higgs mixing matrix is fully specified and hence the Higgs sector including masses, couplings, branching ratios and cross sections can be calculated from these 7 parameters.
Note that with the low dimensionality of the 3D grid spanning the Higgs mass space one can perform the fit for each cell in the 3D Higgs mass space, thus providing a complete coverage of the Higgs sector and the corresponding NMSSM parameters without having to resort to a random scan.
As statistic for the fit determining the NMSSM parameters from the Higgs masses we choose the χ 2 function, which can be minimized by Minuit. [40] The following contributions are included in the χ 2 function:
which are defined as:
requires the NMSSM parameters to be adjusted such that the mass of the singlet-like light Higgs boson mass m H S agrees with the chosen point in the 3D mass space m grid,H S . The value of σ H S is set to 1 of m grid,H S . A small error on the chosen Higgs mass avoids a smearing in the 3D Higgs mass space and a corresponding smearing by the projection onto the 7D parameter space.
• χ • χ
, but for the light pseudo-scalar Higgs boson A 1 .
• χ
: This term is analogous to the term for m H S , except that the Higgs mass m H125 is required to agree with the observed Higgs boson mass, so m obs is set to 125.2 GeV. The corresponding uncertainty σ 125 was set to 1 of m obs . Note that the much larger error on the mass of the observed 125 GeV boson is not taken into account, since we want to determine the NMSSM parameters for a precise scan of the Higgs mass parameter space. Once the NMSSM parameters have been determined one can look for the region, where the predicted Higgs mass is within the experimental errors of the observed Higgs mass.
• χ • χ 2 LEP includes the LEP constraints on the couplings of a light Higgs boson below 115 GeV and the limit on the chargino mass. These constraints include upper limits on the decay of light Higgs bosons into b-quark pairs, which are particular important for the singlet Higgs, if it is the lightest one. The LEP constraints are in principle implemented in NMSSMTools, but small corrections were applied, as discussed in Ref. [41] .
• χ 2 LHC includes constraints from the LHC, as implemented in NMSSMTools, concerning light scalar and pseudoscalar Higgs bosons. [42] [43] [44] We assume that the constraints on SUSY mass limits from LEP and LHC as well as the Higgs masses are uncorrelated. Note that we either assume the lightest Higgs H 1 to be the singlet-like Higgs boson H S and the second lightest Higgs boson H 2 to be the 125 GeV SM Higgs boson H SM or vice versa. In the first case, the singlet-like Higgs boson has a mass below 125 GeV while for the second case the mass is above 125 GeV. There are also solutions where m H1 = 125 GeV, m H2 > 125 GeV and m H3 is singlet-like, but we focus on the scenarios where the heavy Higgs bosons are MSSM-like, which leads naturally to m A2 ≈ m H3 and is a reasonable assumption. We restrict the range of the Higgs masses in the 3D mass space as follows:
5 GeV < m A1 < 500 GeV.
Although heavier Higgs boson are not forbidden, they are not relevant for LHC physics, so we did not investigate them here.
IV. EXEMPLARY RESULTS
The fit for all Higgs mass combinations in the left box of The main contribution to the χ 2 is coming from the signal strengths, which are close to the SM expectation of 1 for a large range of tan β for processes without loops, as shown on the middle panels of Fig. 3 . However, the signal strengths including loop contributions deviate from 1 because of the SUSY contributions. The deviations are strongest for light stop masses (top row): the gluon fusion reduced signal strenths decrease by ∼ 7% if the stop mass decreases from 800 to 400 GeV for tan β increasing from 3-6. The signal strength including the decay into gammas increases at the same time by ∼ 2%. The stop masses as function of tan β) are shown on the panels on the right for the different choices of m 0 , m 1/2 =. Larger SUSY masses decrease the contribution from the stop loops, thus reducing the signal strength dependence on tan β, as can be seen from the panels in the middle of Fig. 3 .
The shift in the minimum of the χ 2 function to higher tan β in the middle and bottom row is caused by the increase in the stop mass, since the reduced stop corrections to the 125 GeV Higgs boson mass can be compensated largely by an increase in tan β, although other parameters change somewhat as well for the minimum χ 2 value. Not only a shift but also a broader χ 2 distribution is shown for m 0 , m 1/2 varying from 0.7 to 1.3 TeV. This originates mainly from the 125 GeV mass constraint of the observed boson and can be understood as follows: For the lowest stop mass (m 0 , m 1/2 =0.7 TeV) one has the smallest loop corrections to the 125 GeV Higgs mass and one needs a large mass correction from NMSSM mixing between the singlet and other Higgs bosons, which requires a precise tuning of the NMSSM parameters to reach the value of 125 GeV. For heavier stop mass the loop corrections to the 125 GeV Higgs boson are larger and the contribution from mixing with the singlet can be smaller, which leads to more freedom in the NMSSM parameters and thus a broader χ 2 distribution. We have checked this by imposing a smaller value below 125 GeV for the observed Higgs boson mass, in which case the freedom in the NMSSM parameters is larger for a given stop mass, thus leading to a broader χ 2 distribution. This is demonstrated in Appendix A, where we used hypothetical values of 123, 124 and 125 GeV for the observed Higgs boson.
The NMSSM parameters are correlated, but they are not degenerate, as can be observed from the correlations between the parameters in the Minuit output. The maximum correlation occurs between the parameters µ ef f and κ, but the correlation is still below 0.76 and other correlations are smaller, as shown for a given mass combination in Appendix B. After fitting all cells in the 3D Higgs mass space (left side of Fig. 2 ) one obtains the allowed regions of the parameters, which are shown for a few parameters in the two dimensional plots in Fig. 4 . The parameters tan β and µ ef f show a strong negative correlation, while the trilinear couplings show a strong positive correlation for the GUT scale input parameters. The values of the trilinear couplings at the SUSY scale are much more restricted than their values at the GUT scale, because of the fixed point solutions of the RGE for A λ and A κ , which means that the SUSY scales are largely independent of the GUT scale values. However, the SUSY scale values depend on the chosen 
The first tree level term can become at most M 2 Z for large tan β. The difference between M Z and 125 GeV has to originate mainly from the logarithmic stop mass corrections ∆t. The two remaining terms originate from the mixing between the 125 GeV Higgs boson and the singlet of the NMSSM, which becomes large for large values of the couplings λ and κ and small tan β. Note that these two terms contribute at tree level, so there is no logarithmic dependence, as is the case for the stop loop contribution. The allowed region with large values of the couplings λ and κ is called Region I in the following. However, there exists a second solution to Eq. 7 with small values of λ, κ and larger values of tan β, which can be obtained by a trade-off between the first two terms and the last two terms, which we call Region II. Region II with its small couplings λ and κ is in some sense closer to the MSSM, although the singlet-like Higgs and its corresponding singlino-like LSP yield additional physics, like the possibility of double Higgs production and an LSP hardly coupling to matter. If the values of m 0 and m 1/2 are enhanced the SUSY contribution to the tree level Higgs mass becomes larger, so the contribution from the mixing with the singlet can be smaller. Then there is more freedom for the values of the NMSSM parameters and the regions I and II start to merge, as can be observed from the right panel in signal strengths. This is discussed in more detail in Appendix E.
V. SUMMARY
In this paper a new technique to sample the NMSSM parameter space is introduced, which allows an efficient sampling with complete coverage. This is obtained by sampling the 3D Higgs mass space instead of the large 7D NMSSM parameter space. The reduction in the dimensionality is possible by assuming that the heavy Higgs masses m H3 , m A2 and m H ± are approximately equal, which is true in the decoupling limit. Furthermore, one of the lighter Higgs bosons has to correspond to the observed 125 GeV Higgs boson. So instead of the 6 Higgs boson masses one has only 3 independent Higgs masses. This 3D mass space can be subdivided in cells in the m H3 , m H1 , m A1 mass space, as shown in Fig. 2 on the left hand side. For each cell the corresponding NMSSM parameters can be determined by a Minuit fit to the Higgs masses with the NMSSM parameters as free parameters, a procedure which one would follow if all Higgs masses would have been measured. Here we assumed that the second lightest boson corresponds to the observed boson, i.e. m H2 = 125 GeV. In case m H1 = 125 GeV the 3D mass space would be spanned by m H3 , m H2 and m A1 , an option which was investigated as well. The reduced 3D dimensionality of the Higgs mass space allows to perform the fit for each cell, so one does not need a random random sampling of the parameter space. As discussed in the introduction, a random scan of highly correlated parameters (see Fig. 4 for part of the correlations) will need a correlation matrix to efficiently scan the parameter space and guarantee complete coverage. For example, one can observe from Fig. 4 immediately, that if µ ef f is scanned up to 1 TeV and tan β up to 60 that many points for random values of µ ef f and tan β are disfavored by higher χ 2 values. In the λ, κ plane only two regions are preferred: Region I(II) at large(small) values of λ, κ, as shown in Fig. 5 . Why the χ 2 values increase in the intermediate regions has been discussed in Appendix E. The size of the regions depends on the values of the SUSY parameters, as is obvious from a comparison of the panels in Fig. 5 . This can be understood as follows: the 125 GeV Higgs mass has at tree level contributions from the mixing with the singlet Higgs boson (largely determined by the Higgs couplings κ, λ) and the stop loops (largely determined by the stop mass). For light stops the corrections from stop loops are small and the values of λ, κ have to be precisely tuned to reach the 125 GeV mass. For larger values of the stop masses one has more freedom in these NMSSM parameters and the allowed regions grow and start to overlap.
In summary, the novel scanning technique allows to study the NMSSM parameter space in a non-random way, which guarantees complete coverage and reveals many interesting features, like the high correlations of the NMSSM parameters and possible deviations of the signal strengths from the SM expectation for processes with SUSY particles contributing in the loops. 
